Bendable and breathable polymer nanofibre nonwovens with metal-like electrical conductivity are required for lightweight electrodes and electric shielding design with applications in batteries, functional textiles, sensors, cars, aerospace, constructions, mobile phones, and medical devices. Metal-like conductivity in polymer nonwovens has not been achieved till now due to the limitation of the existing processing techniques. We show here, the metal-like electrical conductivity of 750,000 S/m in polyacrylonitrile (PAN), poly(ε-caprolactone) (PCL) nonwoven using very low content of silver nanowires (AgNW; 3.35 vol%). The key to the high conductivity was the homogenous distribution of AgNW in nonwoven made by wet-laid process using short electrospun fibre and AgNW dispersion. Above a threshold of 0.36 vol% AgNW, the conductivity of the nonwoven increased by seven orders of magnitude, which we attribute to the onset of percolation of the AgNW. Our nonwoven-AgNW composites show fast heating and cooling within a few seconds at a voltage of 1.1 V, which is in the range of portable devices. These composites are also breathable and bendable. The electrical conductivity was independent of the bending angle of the composite, which is important for applications mentioned above and would help other scientists to design new conductive materials in the future.
INTRODUCTION
Electrically conductive sponges, nonwovens, films and fibres are of major importance for energy production, 1 energy storage, 2 sensors 3 and actuators. 4 Polymers often form an integral part of nanostructured materials, as they are mechanically flexible, easily processable, have low thermal conductivity, chemical stability, high strength to weight ratio and are lightweight. However, most polymers are also electrically insulating, which limits their applications in electrodes.
Besides, metal coating (aluminium, copper, silver), 5, 6 two primary strategies are used to produce polymer-based materials capable of conducting electricity: the use of conductive polymers (such as polyaniline (PANI), polypyrrole (PPy), polythiophene and polyfluorene), 7 or the use of polymer composites with silver, copper or gold nanoparticles, 6 ,8 metal nanowires [9] [10] [11] or carbon materials as conductive additives. [12] [13] [14] [15] The inherent conductivity, and the amount and shape of the additive are important parameters for the conductivity of the composite. Lower amount of additives with elongated shape in a composite is required for high conductivity as compared to spherical additives. 16 Lower amount of additive could be favourable for reduced specific weight and mechanical or optical properties. For example, polymer composites with spherical metal particles and carbon black feature decent conductivities at volume fractions of over 5 vol% 17 and 20 vol%, 18 respectively. In contrast, wire shaped additives, such as conductive metallic or carbon nanowires, with high aspect ratios from 100-500, show in films high conductivities even with volume fractions ≤1 vol%. 19 Over the past decade, the use of conductive silver nanowires (AgNW) has been investigated for several applications 20 including organic light-emitting diodes (OLED), 13 ,21 solar cells, 22 touch panels, 23 wearable electronics, 24 strain sensors, 25 piezoelectric energy harvester, 26 and paper-based electronics, 27 because of the conductivity and transparency of polymer composite films. Nevertheless, the electrical conductivity of AgNW polymer composite films could not reach metal-like conductivity due to the inherent insulation of AgNW by the polymer matrix. Like in polymer films metal-like conductivity was also not achieved in polymer nonwovens. Reason for this is the limited processability of micro-and nanofibre together with AgNW or similar conductive additives. The state-of-the-art method for the preparation of micro-and nanofibre nonwovens is electrospinning. 28 In electrospinning a materials jet is formed from a droplet of a viscous polymer solution by the action of a strong electrical field. This material jet is pulled continuously towards the counter electrode and deposits as a nanofibre nonwoven. Electrospinning of polymer solutions with suspended conductive additives such as AgNW has been reported but resulted in encapsulation of the AgNW in the nanofibres of the nonwovens. 29 Consequently, the conductivity of the resulting nonwovens is relatively low and does not exceed 0.2 S/m. 30 In the present work, we present a straightforward methodology for the preparation of polymer composite nanofibre nonwovens with metal-like electrical conductivity of up to 750.000 S/m at very low content of AgNW (<3.4 vol%) as conductive additive. These composites are also breathable, bendable and mechanically stable. Key to the metal-like conductivity was the homogenous distribution of long AgNW in the nonwoven and the percolation of the AgNW electrical contacts. The homogenous distribution of AgNW in the nonwoven was achieved by the so-called wet-laid method, 31 which is the formation of a nonwoven by filtration of a fibre suspension in a solvent. Obstacles in the processing of high aspect ratio AgNW with homogenous distribution can be overcome by the utilisation of the wet-laid process. Besides homogenous distribution of high aspect ratio AgNW, other advantages of the wet-laid process are that composite nonwovens could be fabricated by a roll-to-roll process and many other additives could be added for multifunctionality. For the formation of our composite nonwovens we have used in the suspensions for the wet-laid process AgNW in combination with short electrospun PAN and PCL fibres. The electrospun fibres had to be shortened since with as-electrospun fibres no homogenous suspension could be achieved. After moderate annealing of the composite, which was required for the bonding of the composite nonwoven by melting of the PCL fibres, we obtained the nonwovens with metallike conductivity. We discuss in detail the impact of the amount of AgNW on the electrical conductivity and provide a qualitative as well as quantitative explanation based on the percolation theory. We answer the question why a low amount of conductive additive, here AgNW, is sufficient for the achievement of metallike electrical conductivity. We are convinced that our concept will have a broad impact on application in battery electrodes, supercapacitors, functional textiles, sensors, medical implants and as conductive construction parts in cars, aeronautics and mobile phone. Our concept of making metal-like electrically conductive porous nonwovens by wet-laid process in combination with high aspect ratio metal nanowires is highly versatile and could be applied to numerous other materials as well.
RESULTS AND DISCUSSION
Nonwovens composed of short electrospun PAN nanofibres and PCL microfibres were prepared with different amounts of AgNW (PAN/PCL/AgNW nonwovens) by the recently established wet-laid process 31 as illustrated schematically in Fig. 1a and parameters as given in Table S1 . The wet-laid process is ideal for the preparation of composite nonwovens as fibre dispersions are used, which has been exploited here for the mixture of electrospun fibres with AgNW. Firstly, dispersions of short electrospun PAN and PCL were prepared by mechanical cutting of the as-electrospun fibres in a solvent mixture of 2-propanol and water (7:3 by volume) followed by the addition of AgNW. PCL served here as glue for the stabilisation of the nonwovens while the AgNW served as conductive additive. Secondly, the composite nonwovens of PAN and PCL fibres and AgNW were wet-laid by filtration of the dispersion on stainless steel sieve. After drying, the nonwovens were stabilised by gentle pressing between two glass plates at 75°C . In general, fibrous nonwovens are characterised by the diameter of the fibres, the porosity, and the pore size. The diameter of the electrospun PAN and PCL fibres, respectively ranged from 307 ± 82 nm and 714 ± 593 nm according to SEM images (Fig. 1b, c) . The porosity (78%) and the pore size (1.3 µm) of the wet-laid PAN/PCL nonwovens without AgNW compare well to the porosity (87%) and pore size (3.9 µm) of the electrospun PAN nonwovens. The length of the AgNW ranged from 5-34 µm and their diameter from 25-150 nm for batch A (Fig. 1d,  Supplementary Fig. S1a-d) and from length of 10-95 µm and a diameter from 27-143 nm for batch B (Fig. S1e) . The scanning electron microscopy with backscattered electron detector (SEM/ BSE) and energy-dispersive X-ray analysis (EDX) displayed homogenous distribution of the PAN fibres and AgNW in the composite nonwovens obtained by the wet-laid process (Fig. 1f, g and Figs. S2-S5). The PCL fibres are no more visible as they were molten during the stabilisation step at 75°C. The porosity of composite nonwovens PAN/PCL/AgNW increased up to 93% with increasing amount of AgNW (Tab. S1). A detailed discussion of the nonwoven morphology for all compositions is given in the Supplementary Information. The inherent porosity of the composite nonwovens provide gas flow through the system and thereby breathability. In a qualitative experiment to confirm breathability, the PAN/PCL/ AgNW nonwoven is fixed to one end of a rubber tube. Carbon dioxide gas generated from solid carbon dioxide at room temperature passed through the nonwoven tied at the end of the tube and bubbled through a phenolphthalein/limewater solution and discoloured it (Video S1). The non-porous polyethylene film was used as a negative blank (Video S2). The breathability is controlled by the mean pore size, which was nearly independent of the AgNW content (Fig. S6 ). AgNW showed a weight loss of about 3 wt% in thermogravimetric analysis (Fig. S7) , which we attribute to the presence of poly(vinyl pyrrolidone) (PVP). PVP was used in the synthesis of AgNW. The content of AgNW in the nonwoven, given as the volume percentage (vol%), ranged from 0.16 to 3.35 vol%. The content of AgNW was calculated using eqs. S1 and S2 (see Supplementary Information) based on the weight percent (wt%) of AgNW obtained by thermogravimetric analysis (Fig. S8; ranged from 1.8 to 77.15 wt%) . The mechanical properties of the composite nonwovens were in the typical range for electrospun nonwoven (Fig. S9 ). They showed a slight increase in Young's modulus up to about 140 MPa with increasing AgNW content, which was threefold higher compared to the pure wet-laid PAN/PCL composite nonwoven. The elongation at break decreased slightly with increasing amount of AgNW content. The bending stiffness of the composite nonwovens was low and varied insignificantly between 28-90 mN (Table S2) , which is in the typical range of soft electrospun nonwovens. 32 The electrical conductivity of the composite nonwovens was calculated according to eqs. S3-S5 in the Supplementary Information based on the resistance of the nonwovens (Table S1 ). Composite nonwoven with the highest electrical conductivity of 750,000 S/m was achieved with a AgNW (batch B) content of 3.35 vol%. This conductivity was five orders of magnitude higher compared to conductive composite nonwovens with an additive content < 10 vol% (Fig. 2a) . The AgNW with diameter ca. 25 nm and length up to 5 and 10 µm showed percolation threshold in the range of 0.50-0.75 vol% for polystyrene composite films. 10 The electrical conductivity of our composite nonwovens increased with increasing AgNW content with a discontinuous jump between 0.27-0.36 vol% AgNW in the composite nonwoven (Fig.  2b) . Above 0.36 vol% the electrical conductivity could be extrapolated as a function of the AgNW content by volume to the electrical conductivity of the pure AgNW (1,970,000 S/m, batch A). The conductivity of the composite nonwoven with 0.27 vol% AgNW was 0.1 S/m, whereas the composite nonwoven 0.36 vol% AgNW showed a conductivity of 3050 S/m. This jump in conductivity by a small increase in AgNW content could be rationalised as the percolation threshold of AgNW throughout the whole sample, as supported by SEM analysis (Fig. 1f, g and Figs. S2 and S3). Qualitative inspection of the SEM images of the nonwovens with 0.36 vol% or more AgNW clearly shows overlapping of the nanowires (Fig. 1f, g ), which is the prerequisite of the percolation for the conductivity. The increase in the conductivity at very low volume content of AgNW in the composite nonwoven can be rationalised by the percolation theory, which predicts that with rod-like additives significantly less amount additive is required as compared to spherical particles in order to achieve property (for example conductivity) percolation in a composite. This prediction has been fully exploited in the concept of our conductive composite nonwovens with AgNW as conductive additive. The number of AgNW in a defined volume can be calculated using eq. (1):
Polymer nanofibre composite S Reich et al. ), d is the diameter (76 ± 28 nm) and L is the length of the AgNW (14.24 ± 6.27 µm). The number of AgNW is given N = 0.8476 V/µm 3 for the given volume of the AgNW dispersion. In order to describe the correlation of the conductivity quantitatively by the density of the AgNW in our composite nonwovens the value for the critical exponent in Eq. (2) for the dimensionality (α) should be 1.33 (for two dimensional (2D) system) or 1.9 (for threedimensional (3D) system).
σ is the conductivity in 3D and N c is the critical nanowire density for the onset of percolation. N c is obtained by plotting of the sheet resistance versus the volume of the nanowire dispersion (Fig. S10) . The relationship between σ and the sheet resistance, R sh , is σ = 1/ R sh , and the relationship between the volume V of the AgNW dispersion and R sh is given by Eq. (3). From this calculation the critical exponent α can be derived (inset of Fig. S10 ).
According to these calculations based on the percolation theory the value for α for our composite nonwovens with AgNW is 1.60 ± 0.07, which is centred between 1.33 for 2D systems and 1.9 for 3D systems. The results obtained for the value α match the morphology of the composite nonwovens, which are neither flat films nor real 3D object but voluminous (porosity up to 93%).
The level of conductivity could be almost doubled by use of longer AgNW with an average length of 42.0 µm (AgNW batch B, Fig. S1e ) as compared to shorter AgNW with average length of 14.2 µm (AgNW batch A, Fig. S1d ). The electrical conductivity of the composite nonwoven made with shorter AgNW (2.30 vol %) was about 220,000 S/m. In contrast, the electrical conductivity was almost doubled to about 407,000 S/m with longer AgNW (batch B) at similar content (2.25 vol%). The length of the AgNWs plays very important role to achieve superior electrical conductivity. The longer AgNW provide an effective and longer percolation network thereby better conductivity as shown in other literatures. 34, 35 The percolation of the AgNW is obviously not affected by the bending of the composite nonwovens as the conductivity is nearly independent of the bending angle (Fig. 2c) . Consequently, the operation of a commercial light-emitting diode by a bended nonwoven with coin batteries was possible (Fig. 2d) . The durability of the nonwovens can be demonstrated by bending the nonwoven 10,000 times without changing the electrical conductivity. For example, PAN/PCL/AgNW nonwoven with 0.90 vol% AgNW (batch A) after bending for 10,000 times (Video S3) show the electrical conductivity of 106,625 ± 8347 S/m, which is comparable to the electrical conductivity of 100,185 ± 9927 S/m before bending. There are several reports about conductive and stretchable conductors 20 in which conductive metal nanowires are typically deposited on top of substrates, such as poly (ethylene terephthalate) (PET), polydimethylsiloxane (PDMS) and polyacrylates. 34, 36 In such systems, nanowires exist as a network layer on a flexible substrate or embedded in polymer film where just one network layer of the AgNW creates the electrical conductive pathways. The conductivity is decreased after a limited tensile/ compressive strain due to the weakening and detachment of the NW contacts.
Moreover, delamination under repeated mechanical loading could also occur. 37, 38 In our system lot of AgNW layers are over and under each other in the whole bulk of the material and they are not embedded in the polymer. So if the membrane is bended there will be other connections (percolation network) between the silver nanowires created causing almost no change in conductivity.
A very interesting feature of the electrically conductive composite nonwovens is their ability to act as Joule heaters at a constant voltage of 1.1 V, which is in the range of portable devices. The maximum temperature increased at constant voltage of 1.1 V with the content of AgNW (Fig. 3a) . Within 20 s the composite nonwoven with 1.07 vol% AgNW heats up to about 80°C and cools down immediately when the voltage is off. The polymerAgNW Joule heaters are known in the literature 39 and fast heating and cooling of our PAN/PCL/AgNW nonwoven compares well with the fastest heating and cooling rates of other AgNW-based films.
40
The infrared (IR) camera image of the heated sample showed homogenous distribution of temperature with gradual cooling towards the edges of the sample (Fig. 3b) . This Joule heating and cooling can be performed for a sample with 0.90 vol% AgNW (batch A) in the bended or unbended state while the temperature for unbended reached 67°C and bended reached 61°C. The joule heating is shown to affect the deformation of the low glass transition temperature (Tg) polymers, such as polyethylene terephthalate (PET) substrate (Tg~75°C) in literature. 41 In our case, there was no burning or distortion of sample observed even after three cycles of heating and cooling. This might be due to the fact that the maximum temperature did not exceed the Tg of PAN, the matrix polymer.
CONCLUSIONS
Polymer nanofibre composite nonwovens with metal-like electrical conductivity were achieved by exploitation of the versatility of the wet-laid process. This process enabled the homogenous distribution of AgNW in the polymer nanofibre composites with percolation of the electric contacts between the AgNW. As a result the composites show metal-like conductivities at extremely low volume content of the AgNW, which is plausible by the rod-like shape of AgNW and its low percolation threshold. The increase in length of the AgNW increases the electrical conductivity of the composite very significantly. The design of AgNW will provide more opportunities for further increase of the conductivity of the nonwovens. The concept of conductive composite nonwoven preparation should be widely applicable to other nonwovens based on short micro-and nanofibres prepared by the wet-laid process. Consequently, future work will focus on the implementation of other shape-anisotropic conductive additives in wet-laid micro-and nanofibre nonwovens, the translation of the process to 3D shaped objects, and its application as electrodes in textiles, capacitors, batteries, functional textile and as basis for sensor devices.
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